A B S T R A C T Membrane metabolism was studied during the initiation of compensatory growth after acute reduction in renal mass. The rate of [14C]choline incorporation into phospholipid in renal cortical slices was increased by 37% at 5 min of compensatory growth in mice. The rate increased to the maximal value of 68% by 20 min and remained there for 3 h. The rate then remained increased at 28-34% above normal for 2 days and returned to normal by the 6th day.
INTRODUCTION
After contralateral nephrectomy, the remaining kidney undergoes compensatory growth and function (1) . After 2 days of compensatory growth, increased amounts of cellular membranes appear (2) , as indicated by the presence of new organelles in the proximal tubular cells. New mitrochondria (3, 4) and whorls of membranes, which morphologically resemble new smooth endoplasmic reticulum (5) , are seen histologically. In addition, phospholipid, a major component of membranes, is accumulated in the cells. This results in a 35-48% increase in renal lipid phosphorus by the 4th day of growth (6) .
These changes suggest that phospholipid metabolism might be altered early in compensatory growth. Although the mechanism of the initiation of renal compensatory growth is unknown, an early alteration in phospholipid metabolism could play a role, since in mouse tissue culture cells, a fivefold increase in phospholipid metabolism occurred within 15 min of growth stimulation by serum. This change, one of the earliest noted during the onset of growth, was independent of new protein, RNA, or DNA synthesis (7) .
We therefore -studied the metabolism of mouse renal phospholipids during initiation of renal compensatory growth by using ["C]choline as a specific precursor of the three choline-containing phospholipids. The results indicate that an increased rate in choline incorporation into phospholipid occurred by 5 min after uninephrectomy, with an equal increase of choline incorporation into each of these phospholipids. Louis, Mo.) in saline to remove any surface radioactivity. The slice was blotted, weighed, homogenized in 4 ml iced 10%g trichloroacetic acid (TCA) containing 72 mM choline, and centrifuged at 1,000 g at 20C for 15 min. The pellet was washed three times by resuspending it in 3 ml TCAcholine and centrifuging the suspension. All supernatants were combined to form the acid-soluble fraction. More than 99.95% of the radioactivity in the pellet was in the lipid fraction, since it was extracted by chloroform: methanol (2:1, vol/vol). 0.2 ml aliquots of the acid-soluble fraction and the entire acid-insoluble fraction were individually dissolved in 10 ml of a toluene-based scintillant (Liquifluor, New England Nuclear) with 17% Bio-Solv (Beckman Instruments, Inc., Fullerton, Calif.) and counted to under an 0.8% error in a Beckman LS-250 scintillation spectrometer. The counting efficiency for the experiments was 66%, using automatic quench correction and external standardization.
METHODS
The rate of ["C]choline incorporation into phospholipid was measured at 10-min intervals, and the values are expressed as dpm [14C] choline incorporated into the acidinsoluble fraction/mg wet wt/30 min of incubation.
[14C]-Choline uptake into the acid-soluble fraction was also measured at 10-min intervals, and the values are expressed as dpm 14C radioactivity/mg wet wt/30 min.
The water spaces of cortical slices were determined by the difference in wet and dry tissue weight. The extracellular fluid space was calculated by using the distribution of ["C]inulin, and the intracellular fluid space was calculated as the difference between the tissue water and extracellular fluid space (8) .
Distribution of [14C]choline in renal cortical lipids. Cortical slices from the kidneys removed at uninephrectomy, kidneys after 60 min of compensatory growth, and kidneys from sham-operated mice were incubated as described above. The rinsed weighed slices were immediately homogenized in 1 ml iced chloroform: methanol (2:1) to extract the ["QCcholine-labeled tissue lipids. The homogenate was transferred with 3 ml chloroform: methanol (2:1), and 1 ml water was added to extract any aqueous-soluble radioactivity. After centrifugation as before, the lipid fraction was saved, and the aqueous fraction and pellet were reextracted with 1 ml chloroform. The organic fractions were then combined, evaporated to dryness with N2, resuspended in 100 ,ul of chloroform, and analyzed by thinlayer chromatography (9) In some experiments, 10 , uCi [14C] choline was injected intraperitoneally to label the renal phospholipid. 20 h later, the radioactivity in the resting kidney was determined; 3 h afterwards, that in the compensating kidney was determined, and the values were compared. A control group of mice underwent sham nephrectomy 20 h after the ["C]choline was administered. Both kidneys were removed at decapitation 3 h afterwards. Blood for the determination of plasma radioactivity was obtained at decapitation of animals from both groups. These studies were performed to measure the disappearance of prelabeled choline with time.
Calculations. In the in vitro studies, values for each mouse were calculated as the mean rate of ["4C]choline incorporation in two slices from each kidney. Ratios were determined for each mouse and expressed as the CK (compensating kidney)/RK (resting kidney) ratio ± SE. P values for the ratios were determined by pair analysis of the compensating and resting kidneys for each animal (14) .
Statistical significance was defined as a level of probability less than 0.05.
RESULTS
Fluid space of mouse cortical slices. Fluid spaces of the resting kidney and the compensating kidney were similar (Table I) ['4C] Choline incorporation into renal phospholipid during compensatory growth. ["C]Choline was a specific precursor of renal phospholipids, since more than 99.95% of the radioactivity of the acid-insoluble fraction was extracted by chloroform: methanol. Over 99.7% of the extractable radioactivity was distributed in three phospholipid fractions: phosphatidylcholine, lysophosphatidylcholine, and sphingomyelin (Table II) . The relative distribution of ["C]choline into each of these fractions was similar in all the kidneys tested: the resting kidneys, the 30-and 60-min compensating kidneys, and the kidneys from sham-operated animals. Thus, the rate of ["C]choline incorporation into the acid-insoluble fraction was used as an index of the rate of incorporation of choline into the three renal choline-containing phospholipids. Since the rate varied markedly from mouse to mouse (Fig. 1) , measurements of the rates of ["C]-choline incorporation into phospholipid in resting and compensating kidneys were compared by pair analysis.
An increased rate of ["C]choline incorporation into renal phospholipid was observed as early as 5 min after uninephrectomy (P < 0.01) (n = 7) (Fig. 2) . The rate increased to a mean maximal value 68±7% (P < 0.001) (n = 42) by 20 min and was maintained for at least 3 h. Table III shows the values at 1 h. The rate was 28-34% (P < 0.01) (n = 31) greater than normal at 1-2 days but returned to normal by the 6th day after uninephrectomy. At various times after the sham operation, the rate was similar in the 2 kidneys of 45 mice.
['4C]Choline uptake into cortical slices. The 14C radioactivity in the acid-soluble fraction was similar in slices from the resting and compensating kidneys when expressed as disintegrations per minute per milligram wet tissue weight or as percent of the medium ["4C]choline which was taken up. In addition, [14C]choline radioactivity in the acid-soluble fractions was similar in slices of both kidneys from 43 uninephrectomized and 27 sham-operated mice, measured at each of 9 different times during the 24 h after surgery. Therefore, the increased rate of incorporation of ["4C]choline into phospholipid during compensatory growth was not the result of increased choline uptake. In vivo studies. The rate of renal [1'C]choline incorporation in vivo was increased 25% (P <0.02) at 3 h after uninephrectomy (Table IV) . The increased rate appeared to be specific for the kidney, since the rate of incorporation in livers from the uninephrectomized mice was the same as in sham-operated mice. Plasma radioactivity was similar in both groups of mice at 2 and 3 h after surgery.
The effect of 3 h of compensatory growth was measured in kidneys of 10 mice which had been labeled with [14C]choline for 20 h in vivo (Table V) . No differences in acid-insoluble or -soluble radioactivity were detected between 3-h compensating kidneys and resting kidneys, ['4C] Choline incorporation during compensatory growth: (a) in another species, (b) with indomethacin treatment, or (c) after inactin anesthesia. (a) The rate of [1C]choline incorporation was significantly increased by 31± § 5% (P < 0.001) 60 min after uninephrectomy in eight rats but not in four sham-operated rats (Table VI) .
[14C]choline uptake into the acid-souble fraction was not different in the two kidneys of the uninephrectomized animals.
(b) Since prostaglandins-which originate from tissue phospholipids-might mediate renal compensatory growth, a dose of indomethacin (10 mg/kg), which inhibits prostaglandin production in mice and rats (12, 13), was administered 1 h before uninephrectomy. Mice treated with indomethacin (n = 7) had the same increase in the rate of [14C]choline incorporation 60 min after uninephrectomy as did mice injected with the vehicle alone (n = 5), although injection of the vehicle appeared to increase the rate of incorporation over the rate seen in untreated mice.
(c) The increased rate of [UC]choline incorporation was not a specific effect of ether anesthesia, since, when anesthetization with inactin was employed, the rate was also increased in the compensating kidney 30 min after uninephrectomy (P < 0.01) in four mice but not in five sham-operated mice. DISCUSSION The results of this study demonstrate that increased metabolism of phospholipids in renal cortical cells occurs during the initiation of renal compensatory growth. The increased rate of choline incorporation is associated with equal increases of choline incorporation into each of the three choline-containing phospholipids.
Cellular membranes are composed largely of phospholipids and proteins. 99% of cellular phosphatidylcholine, the major phospholipid of cellular membranes, is found in membranes (15, 16) . Incorporation of choline into phosphatidylcholine occurs via the Kennedy pathway, which employs cytidine diphosphocholine as precursor (17) , the only significant pathway of phosphatidylcholine synthesis in mammalian kidney cells (18) . The enzymes for the synthesis are located on the endo- [14] choline. Number of animals in parenthesis. P determined by paired data analysis. * Compensating kidneys were assayed after 60 min of compensatory growth. 60 min of indomethacin treatment was followed by 60 min of compensatory growth. § Mean4SE. plasmic reticulum (19, 20) . The phospholipids are then transported to other locations of the cell by phospholipid exchange proteins found in the cytosol (21, 22) .
By isotopic analysis, newly synthesized phosphatidylcholine is found only in cellular membranes (23, 24) . Thus, the rate of incorporation of radioactive choline into phosphatidylcholine has been used as an estimate of the synthesis of total cellular membrane phosphatidylcholine (25, 26) . Methyl-labeled choline has been used, since its methyl groups are not transferred to other cell components at a significant rate (23) . Neither the sequential N methylation of phosphatidylethanolamine (18, 27) nor the exchange of free choline with that in phosphatidylcholine (28, 29) appears to be significant in most mammalian cells. As long as the degradation of phospholipids remains constant, the rate of radioactive choline incorporation is an index of total cellular phosphatidylcholine synthesis, and an increased rate should correlate with membrane proliferation.
In the present study, the increased rate of choline incorporation into phospholipids began 5 min after uninephrectomy, reached a peak 15 min later, and remained elevated for at least 48 h. This increased rate represents net synthesis (Table IV) , since the turnover of "C-labeled renal phospholipids appeared unchanged after 3 h of compensatory growth, while the rate of incorporation was increased at this time (Table V); this occurred both in vivo and in vitro. Previous work in this laboratory and by others into the initiation of compensatory growth indicated that an increase occurred in the pool of intracellular uracil nucleotides (30) and in the turnover of nuclear heterogeneous RNA (31) within 60 min after uninephrectomy. These observations indicated that alterations in RNA metabolism might initiate renal compensatory growth. The results of the present study suggest that altered membrane phospholipid metabolism precedes the known changes in RNA metabolism and occurs at the onset of renal compensatory growth.
The new membranes synthesized in renal cells during compensatory growth could be employed by the cell for new surface area for the exchange of extracellular compounds and intracellular transport and as a store of membranous components available to daughter cells in mitosis. Increased numbers of membrane-containing organelles do appear in renal cortical cells after contralateral nephrectomy. A 40% increase in the 'number of mitochondria (3) and large quantities of endoplasmic reticulum in whorl-like configurations appear at 2 days after uninephrectomy (5) . In addition, a 35-48% increase in total renal lipid phosphorus occurs by the 4th day (6) . Palmitate, which is both a precursor of membrane lipids and a major substrate for renal cortical cells, was found to be incorporated into phospholipid at a rate 17% above normal 1 day after uninephrectomy (32) . Thus, the increased rate of choline incorporation reported in the present study may be a prelude to the proliferation of renal membranes during compensatory growth.
Phospholipid accumulation appears to be independent of increased protein synthesis, since neither an increased protein content nor an increased rate of protein synthesis occurs before 14 h of compensatory growth (33) . Since renal growth by cell division does not occur until the 2nd day after uninephrectomy (34), the observed increased metabolism of phospholipid in an index of renal cellular hypertrophy by the accumulation of cellular membranes, probably mainly in smooth endoplasmic reticulum and mitochondria. Thus, the results of this study lend support to the hypothesis that the cell membrane may be involved in the control of cell growth (7, 35, 36) and suggest that renal compensatory growth may be initiated by altered metabolism of cellular membranes.
